Abstract: In this paper, we experimentally demonstrate a method to generate a frequencydoubling photonic 16-quadrature-amplitude-modulation (16QAM) vector millimeter-wave (mm-wave) signal by using a single phase modulator (PM) with an amplitude and phase precoding technique. The PM is driven by a 2-Gbaud 16QAM-modulated precoded vector signal at 20 GHz. We transmit the generated optical radio-frequency (RF) signal at 40 GHz over 22-km single-mode fiber, and after heterodyne beating in a single-ended photodiode, a 40-GHz electrical vector mm-wave signal displaying regular 16QAM modulation can be generated with a bit error ratio (BER) of less than the hard-decision forward error correction (HD-FEC) threshold of 3:8 Â 10 À3 . To our knowledge, this is the first time that high-order QAM vector mm-wave signal generation based on a single has been demonstrated.
Introduction
Millimeter-wave (mm-wave) can provide huge bandwidth, and it can be used in future wireless communication and space communication to provide long-distance ultra-capacity services [1] - [3] . It is a very hot topic to generate mm-wave signals based on photonics technologies recently [4] - [17] . There are many photonics techniques to generate mm-wave. One of them is external modulation [4] , [5] , which can realize photonic frequency multiplication by driving the intensity modulator or phase modulator with low frequency radio frequency (RF). Compared with external intensity modulator, external phase modulator has higher optical signal-to-noise ratio (OSNR) due to a smaller insertion loss of external phase modulator and higher stability, because of no electrical control circuit needed for dc bias. Furthermore, vector mm-wave modulation can be well combined with digital coherent detection and efficiently improve spectral efficiency and receiver sensitivity. The early studies have been published for radio signal generation by photonics precoding techniques [18] - [20] , but the bit rate is very low, and the digital coherent detection is not adopted in receiver end. With the development of digital signal processing (DSP), the vector mm-wave signal generation based on photonics technology is a very hot topic recently [21] - [35] . Recently, vector-mm-wave signal generation based on phase modulator has been demonstrated in reference [36] . However, only quadrature-phase-shiftkeying (QPSK) vector signal is generated in this reference. High order quadrature-amplitudemodulation (QAM), such as 8QAM or 16QAM, has higher spectral efficiency, and may be adopted in future high speed optical communication. Thus, it is interesting to investigate how to realize high order QAM vector signal generation based on phase modulator.
In this paper, we investigate 40-GHz 16QAM vector mm-wave signal generation based on phase modulator with frequency doubling and precoding. We transmit the generated 2-Gbaud 40-GHz 16QAM electrical vector signal over 22-km single-mode fiber (SMF) with a bit-error-ratio (BER) less than the hard-decision forward-error-correction (HD-FEC) threshold of 3:8 Â 10 À3 .
2. Principle of mm-Wave 16QAM Vector Signal Generation Fig. 1(a) illustrates the schematic diagram of photonic 16QAM vector signal generation at mm-wave bands, using a photonic frequency multiplication scheme enabled by a single PM combined with a wavelength selective switch (WSS). As shown in Fig. 1(a) , the continuous wave (CW) lightwave at frequency f c from a laser is modulated by an RF carrier at frequency f s , which carries a vector-modulated 16QAM data and drives the PM. Assume that the CW output at frequency f c and the vector-modulated RF signal at frequency f s can, respectively, be expressed as
where A 1 is constant and denotes the amplitude of the CW output at frequency f c . A 2 and ' are the amplitude and phase of the vector-modulated RF signal at frequency f s , respectively. Therefore, the output optical signal from the PM can be expressed as
where J n is the Bessel function of the first kind; and order n, V , and V drive are, respectively, the half-wave voltage and the driving voltage of the PM and ¼ V drive A 2 ðt Þ=V . Therefore, the output optical signal of PM can be represented as the optical central carrier and the optical sidebands, as shown in Fig. 1(b) . The frequency multiplication is accomplished by a subsequent WSS, which selects two optical subcarriers with the same order n and a frequency spacing 2nf s ðn ¼ 1; 2 . . .Þ, as shown in Fig. 1 (c). The WSS output can be expressed as
Then the photonic vector signal after WSS is converted into electrical mm-wave signal by a PD. The PD conversion follows the square-law rule and the output current of the PD after isolating DC can be expressed as
where R denotes the PD sensitivity. We can see from (5) that the frequency and phase of signal after PD is 2n times that of the driving RF signal. Also, the detected amplitude after PD is directly proportional to the square of the Bessel function of order n, which contains the amplitude information of the transmitter data. In order to ensure that the data after PD conversion is regular 16QAM signal, the amplitude A 2 and phase ' of the vector-modulated driving RF signal should satisfy
where A data and ' data denote the amplitude and phase of the transmitter data, respectively. n is the order of the selected optical subcarriers. Therefore, the amplitude and phase of the driving RF signal needs to be precoded at the transmitter end. For a 16QAM transmitter data, the obtained values of A 2 and ' by resolving (6) are just the precoded amplitude and phase which can be assigned to the driving RF signal. Fig. 1(d) shows the MATLAB-based generation procedure of driving precoded RF signal at frequency f s carrying 16QAM data. Here, the generated 16QAM signal is amplitude and phase precoded based on amplitude and phase information, and then up-converted into RF signal by simultaneous cosine and sine functions after low-pass filtering.
According to the aforementioned theoretical analysis, in order to realize photonic frequency doubling based on our proposed scheme, the amplitude A 2 and phase ' of the driving precoded RF signal should satisfy
That is, we should appropriately set the values of A 2 to ensure that the values of A 16QAM are equal to those of 16QAM symbol amplitude. A 2 has three different values corresponding to the 3 different amplitudes of 16QAM symbol, and its solution is restricted to the first monotonously increasing range of the Bessel function of the first kind and order 1. Corresponding to the 12 different phases of 16QAM symbol. ' has 12 different values, which are one half of 16QAM symbol phase. 
Experimental Setup and Results
Fig . 2 shows the experimental setup for photonic 16QAM modulated vector signal generation based on phase modulation with photonic frequency doubling. The CW lightwave from an external cavity laser (ECL) is modulated by a 2/4-Gbaud 16QAM modulated precoded vector signal at 20 GHz via a single PM. In our experiment, the 20-GHz precoded RF signal carrying 2/4-Gbaud 16QAM-modulated transmitter data is generated by MATLAB programming, and then uploaded into a digital-to-analog-converter (DAC) with 8-bit resolution, 80-GSa/s sampling rate, and 16 GHz bandwidth. The pseudo-random-binary-sequence (PRBS) length is 2 11 . The ratio of V drive to V is set to 1 for amplitude precoding. The ECL has a linewidth of about 100 kHz with the average output power of 13 dBm. The optical spectrum after ECL is shown in Fig. 2(a) , with 1548.48-nm center wavelength. The precoded electrical 16QAM-modulated vector signal at 20 GHz is generated offline with MATLAB programming just as discussed in Section 2, and then uploaded into the DAC. Fig. 3(a) shows the transmitter 16QAM constellation, while Fig. 3(b)-(c) show the constellations after only amplitude precoding and after further unbalanced phase precoding, respectively. Fig. 3(d) shows the transmitter spectrum after up-conversion to 20 GHz. Fig. 3 is calculated at 4 Gbaud. Note that for the 16QAM case, the order of amplitude precoding and phase precoding can be exchanged.
The precoded vector signal from the DAC is boosted by an electrical amplifier (EA) with 3.6 V output voltage and 10 GHz 3 dB bandwidth. The amplified electrical 16QAM-modulated vector signal drives a phase modulator to generate photonic vector signal. The phase modulator has the half-wave voltage V of 4 V and 4-dB insertion loss. The optical spectrum after PM is shown in Fig. 2(b) , showing that the adjacent subcarriers are spaced by 20 GHz. We selected the two first-order sidebands as optical mm-wave carrier by a 1 Â 4 WSS with 10-GHz grid to generate 40-GHz optical mm-wave signal. These two selected first-order optical subcarriers have the same amplitude and carry opposite phase information. The WSS operates in the C-band and introduces a 7-dB insertion loss. After being boosted by an Erbium-doped fiber amplifier (EDFA), the generated optical RF signal is sent into 7.2-km SMF-28 with 2-dB insertion loss and 17-ps/km/ns chromatic dispersion (CD) at 1550 nm without optical dispersion compensation. Fig. 2(c)-(e) show the optical spectra after WSS, after EDFA, and after fiber transmission, respectively. At the receiver, the optical mm-wave vector signal is detected by a PD with 3 dB bandwidth of 50 GHz. The generated 40-GHz electrical 16QAM mm-wave vector signal passes through a RF amplifier with 30 dB gain and 36∼44 GHz operating frequency, and is then captured by a digital oscilloscope (OSC) with 8-bit resolution, 120-GSa/s sampling rate and 45-GHz electrical bandwidth. The transmitter data can be recovered from the 40-GHz RF signal after offline DSP, including down conversion, cascaded multi-modulus algorithm (CMMA) equalization, frequency offset estimation (FOE), carrier phase estimation (CPE), differential decoding, and BER calculation [37] , [38] . Fig. 4 shows the BER versus the launched optical power into PD for 2-Gbaud 16QAM mm-wave vector signal. The BER is measured by comparing the data recovered from the received signal with the original transmitter data. We can find that 7.2-km SMF-28 transmission causes no penalty and the BER can reach HD-FEC threshold of 3:8 Â 10
À3 . The insets in Fig. 4 show the generated 40-GHz RF spectrum for the 2-Gbaud 16QAM-modulated vector signal after 7.2-km SMF-28 transmission and the corresponding constellation after offline DSP. While Fig. 5 shows the BER versus the launched optical power into PD for 4-Gbaud 16QAM mm-wave vector signal. The BER has an error-floor at 4 Â 10 À3 when the baud rate is 4 Gbaud. We think that the BER degradation at 4 Gbaud is mainly due to the insufficient bandwidth of the DAC. The DAC has only 16 GHz bandwidth, and when it operates at 20 GHz, the bandwidth is not enough. Also the bandwidth of the RF amplifier and ADC is limited. The insets in Fig. 5 show the generated 40-GHz RF spectrum for the 4-Gbaud 16QAM-modulated vector signal after 7.2-km SMF-28 transmission and the corresponding constellation after offline DSP. 6 shows the BER versus the transmission fiber length for 2 Gbaud 16QAM vector signal. The input power into PD is −7.2 dBm for Fig. 6 . The inset in Fig. 6 shows the constellation after offline DSP when the transmission distance is 32 km. The BER can reach HD-FEC threshold of 3:8 Â 10 À3 after up to 22 km transmission. On the other hand, we can know from [39] that, the walk-off effect , fiber chromatic dispersion parameter D and the operating wavelength Á jointly decide the fiber transmission distance L, and they should satisfy
Where operating wavelength Á is about 0.32 nm for 40-GHz optical RF signal. When is no more than half of the symbol duration, the received RF signal after fiber transmission can be successfully detected with very small penalty. We can know that the 2-Gbaud 40-GHz 16QAM-modulated vector optical signal can have as much as 45.9-km SMF-28 transmission distance according to (8) . However, there is a large gap between the maximum transmission distance in our experiment and the theoretical value of 45.9 km. We think that the maximum transmission distance reduction is mainly due to insufficient bandwidth of the DAC, RF amplifier and ADC. The maximum transmission distance can be effectively improved, if the bandwidth of DAC is large or if large-bandwidth RF amplifier and ADC are adopted.
Conclusion
We have generated 40 GHz 16QAM vector mm-wave signal at 2 Gbaud based on a single phase modulator with frequency doubling and pre-coding technology. To our knowledge, this is the first time to demonstrate high-order QAM vector mm-wave signal generation based on a single phase modulator.
